This article shows a method for determining the support reactions of rod architectural structures, the position of free nodes of which was previously obtained by discrete geometrical morphogenesis (shaping). At the same time, the order and principle of defining and forming all the necessary discrete data on the topological features of the model, its boundary conditions, external loads and the distribution of internal forces are considered. The algorithm is based on logical operations and matrix transformations.
Introduction
Most of the rod structures of coatings have a difficult configuration and are statically indeterminate due to the large number of supports and the specifics of their fixing. Therefore, the calculation of support reactions in order to determine the potential loads from these structures can become a challenge and require the use of modern numerical methods of complex modelling. If all internal forces in the rods (connections) that are attached to the supporting nods are known, then the determination of the values of the support reactions themselves is reduced to the operation of adding the vector components of the internal forces in these rods. Thus, the search of support reactions again indicates the need to calculate the components of the stress-strain state of the entire structure. For the use of numerical methods and the corresponding software, it is necessary to specify all the geometric, physical and mechanical structure parameters, which, as a rule, requires considerable effort and time. However, if it is a question of pre-design works or sketch designing, the time spent by designers on the evaluation of non-final solutions may not be appropriate. In this case, methods of geometrical morphogenesis can be useful. One of these methods is the static geometric method of discrete geometry [1] , which allows realizing morphogenesis of the rod structure with pre-defined topological features and expected pattern of distribution of the density of internal forces in all rods. This method is applicable for momentless constructions, the rods of which work only on compression or tension. However, there is no unified methodology for the shaping of all necessary discrete data, relating to topological features, boundary conditions, external loads and the distribution of internal forces of the computational model. At the same time, the development of a systematic approach to the preparation of all these data is a very urgent task, since on the basis of the results of solving it, the tasks of shaping and determining support reactions can also be solved.
Mathematical apparatus of morphogenesis
Morphogenesis of mechanical rod construction with hinged nodes is based on the system calculation of such coordinates of free nodes of the model, under which the construction will maintain the state of static equilibrium under the influence of given loads [2, 3, 4] . In this case, there must be predefined topological structural features, coordinates of the supporting (fixed) nodes, nodal loads−ℑ and parameters of conditional rigidity ℵ a,b that should be set as ratios of internal efforts in rods R a,b to their lengths δ a,b :
The parameters ℵ a,b according to [5] can also be called as density coefficients of internal forces. This name corresponds to the physical meaning of this quantity [6, 7, 8] , and therefore in this paper we will use just such a definition.
The system of equilibrium equations for each free node will have the following form:
where: s -generalized coordinate designation (x, y and z); ℑ s a -projections of vector of the influence−ℑ in a th node (ℑ x a , ℑ y a and ℑ z a ); m -amount of nodes, adjacent to a th node.
In matrix form, the complete system of equations of static equilibrium of all free nodes of the construction will be as follow:
where:
[s] -matrix of coordinates (with dimension k×3 for 3-dimensional case, where k -amount of free nodes of the system); [g] -matrix of boundary conditions (with dimension k×3 for 3-dimensional case); [ℑ] -matrix of external influences (with dimension k×3 for 3-dimensional case); [ℵ] -force density matrix of rod structure (with dimension k×k).
The matrix [s] has the form:
where: {x}, {y} and {z} -coordinate vectors of the nodes. The matrix [g] has the following form:
where: {g x }, {g y } and {g z } -vectors of the boundary conditions.
The matrix [ℑ] looks like this:
where: {ℑ x }, {ℑ y } and {ℑ z } -vectors of the external influences components.
Taking into account the structure of the matrices [s], [g] and [ℑ], equality (3) can be written in the form of a system of 3 separate matrix equations:
3. Generating data about model parameters.
As a rule, for the formation of matrix identities (3) or (7) - (9), researchers or engineers resort to a series of logical reasoning, as a result of which equations of the type (2) can be constructed. And only after this constructing can be built matrix identities (3) or (7) - (9) . In doing so, it is necessary to rely on a priori information about which nodes are free, and which are supporting (fixed), as well as the order and number of rod connections. Let's analyze all these reasoning and write them down in the form of mathematical expressions and operations. First of all, in order to form a system of equations of the type (2), it is necessary to construct a discrete image, that will be equivalent from the topological point of view of the rod structure, the shape of which is planned to be found. We need this image for the template analysis of the boundary conditions of the model and for determining the number of unknown variables (coordinates of free nodes) in each equation of the type (2) . In addition, the discrete image of the model must contain the numbers of all nodes.
At first glance, the formation of the vectors {ℑ x }, {ℑ y } and {ℑ z }, does not cause any complications. However, the number of elements in these vectors, just as in the vectors {x}, {y} and {z}, is k and corresponds to the number of free nodes, while the total number of nodes (including support nodes) is q. At the same time, in the process of software implementation of computational algorithms, it is much more convenient to generate coordinate and nodal load vectors at once for all model nodes, since in this case we can assign sequence numbers to the nodes and corresponding data simultaneously. It remains an open question, how to extract from the common vectors of all nodal data the vectors of only free nodes for equations (7) - (9) .
The next important question is how to number the rods of the model, and in what form it is necessary to store information about the order of connecting the nodes with rods? This information must be used to form the matrix [ℵ], the vectors {g x }, {g y } and {g z }, and, as a consequence, the matrices [g] .
So, at the first stage we will single out two main tasks:
1. construction of a matrix of correspondence of the sequence numbers of rods and nodes; 2. the formation of the matrix [ℵ], vectors {g x }, {g y }, {g z }, {ℑ x }, {ℑ y } and {ℑ z }.
3.1 Construction of matrix of correspondence of sequence numbers of rods and. Analyzing the topology of a discrete image, we construct its adjacency matrix [A] . This matrix will have the following form:
The symbol "→" means the logical consequence "if" (implication). The symbol "∨" means the operation "or" (disjunction).
We replace the "0" elements of the matrix [A], which are above the main diagonal. And we get the matrix [A hal f ]:
Since the positive elements of matrix [A] indicate nodes, connected by rods, the order of joining nodes can be determined equally by the elements below and above the diagonal, since the incidence matrix is symmetric. Consequently, the matrix [A hal f ] contains half of positive elements of the matrix [A] , and the sum of the elements of the matrix [A hal f ] corresponds to the number of rods of the model h:
Let's replace the positive elements of the [A hal f ] matrix by sequence numbers, so that the number of the first node (beginning) of each rod will be lower than the number of its end (the second node). We get the matrix [A hal f .num ], which will have the following form:
Obviously, the maximal member of the matrix [A hal f .num ] is equal to h: 
The symbol "∧" means the operation "and" (conjunction).
In fact, the matrix [N] allows us to go from two-character to one-character indexation of the density coefficients ℵ of internal forces, using as indexes a numbers from its first column.
indexation. The vector {ℵ} will contain the values of the internal force density coefficients, and determine the initial position of the model nodes as a result of the shaping. Taking into account (20) and (21), the vector {ℵ} will have the following form:
Also, the external influence vectors {F 0.x }, {F 0.y } and {F 0.z } must be previously formed for all q (free and reference) nodes. If the value of the cell of the vector corresponds to a constant number or is written in the form of some function, then the node is free. At this stage, assume that if the node is a support node, then the value of the cell of the vector is "0", but in general the cell value should be equal to the vector components of the suport reactions. Vectors {F 0.x }, {F 0.y } and {F 0.z } will have the following form:
Let's construct a symmetric matrix [A num ]. This matrix should include all elements of the matrix [A hal f .num ] and symmetrically equal to them relative to the main diagonal. The matrix [A num ] should be an adjacency matrix, whose nonzero cells will contain the numbers of the rods, connecting the nodes, instead of "1" (ones). This matrix will have the following form:
We replace the elements of the numbered adjacency matrix [A num ], on the corresponding by numbers of the cells values of the vector {ℵ}. We get the matrix [A 0 ], which will look like this:
, whose elements contain negative sums of elements of the corresponding rows of the matrix [A 0 ]. In fact, in each element of the diagonal matrix [A diag ] will be placed the sum of the coefficients of the force density of the rods, incident to each node. This matrix will have the following form:
We construct the full matrix of force density coefficients of the rod structure [A], summing the matrices [A 0 ] and [A diag ]:
Besides this method, it is possible to construct matrix [A], using following formula [5] : 
The matrix [D] can be constructed using vector {ℵ}, and will have the following form:
Let's introduce the data about which nodes are fixed and which are free. To do this, we form the vector {t}. If the value of the cell of the vector is "0", then the node is supporting (fixed). If the value of the cell of the vector is equal to "1", then the node is free (unfixed). The vector {t} will have the following form:
Now we create a vector {N nods } of the sequence numbers of all nodes of the model:
We'll create one more vector {N f ree.nods }, in which we leave the numbers of only free nodes, replacing the sequence numbers of the support nodes of the model by "0":
At this stage, it is necessary to specify the coordinate vectors of all q nodes {X 0 }, {Y 0 } and {Z 0 }, establishing the exact coordinates of the supporting nodes and the approximate values of the free nodes:
We perform the ranking of the cells of the sequence number vector {N f ree.nods } in ascending order, and along with this ranking of the corresponding rows (in full composition) of the matrix [A], and of the elements of vectors {N nods }, {F 0.x }, {F 0.y }, {F 0.z }, {X 0 }, {Y 0 } and {Z 0 }. We will designate the sorted (ranked) matrix and vectors as follows: 
Here the coefficients C i -are the temporary constants, required in the intermediate stages of the calculus.
We select from the matrix [A / ] the submatrix [A / .K .g ] that doesn't include data on fixed model nodes:
Now we perform the ranking of the columns of the obtained matrix [ 
= C. 
Also, from the vector {N / nods } we select the vectors of the numbers of free nodes {N K } and fixed nodes {N g}, and from the vectors {F / x }, {F / y }, {F / z } -vectors of the external influences {ℑ x }, {ℑ y } and {ℑ z }: 
Summarize the elements of the matrices rows [G x ], [G y ] and [G z ] and obtain the vectors of the boundary conditions {g x }, {g y } and {g z }:
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Here: s / f ix. i and s / f ree. i -the conditionally introduced notations for the coordinates of the supporting and free nodes in the vectors {X / }, {Y / } and {Z / }.
We perform the reverse sorting of the obtained vectors {X / }, {Y / } and {Z / }, using as a vector for ranking the vector {N / nods }, which contains the numbers at first fixed and then free nodes in ascending order. We will designate the sorted vectors as {N nods }, {X }, {Y } and {Z }, counting them equal to vectors {N / nods }, {X / }, {Y / } and {Z / } at the beginning of the ranking. Mathematical algorithms for ranking these vectors can be (by analogy with algorithms (48) -(56)) written as follows: 
As a result of ranking, the vector {N nods } will get its original form (36) -(37), and the vectors {X }, {Y } and {Z } will have the following form:
Now we return to the analysis of the static equilibrium of the model. Before that, we considered the state of static equilibrium of only free nodes. However, if we replace the fixed nodes by free ones with the supporting reactions−P i , applied to them, then the entire rod system will remain in the equilibrium state in the future. In this case, for fixed nodes, we can also build the equations of equilibrium of the type (2). Then, for supporting and free nodes, we can build a system of q such equations. In the matrix form, the corresponding system can be written as follows:
[S] -matrix of coordinates of all q nodes of the model (with dimension q×3); [F] -matrix of influences on all q nodes of the model (with dimension q×3); [A ℵ ] -complete force density matrix of rod structure (with dimension q×q), which will be determined in accordance with (33).
The matrix [S] has the form:
where: {X }, {Y } and {Z } -coordinate vectors of the nodes (92) -(94).
The matrix [F] has the following form:
where: {F x }, {F y } and {F z } -vectors of the influences components:
where: P s i -designation of the projection of the supporting force of the i th node on the coordinate axes.
Taking into account the structure of the matrices [S], [F] and [A ℵ ], equality (3) can be written in the form of a system of 3 separate matrix equations:
It is obvious, that in order to determine the values of the of the support reactions components in the fixed nodes the model and of external load vectors (which were specified as the formative ones), the equations (100) or (107) -(109) must be solved with respect to the matrix [F] or the vectors {F x }, {F y } and {F z }, respectively. Such solving will have the following form:
or:
The absolute values of the support reactions, as well as the vectors of external forces, should be determined by the formula: 
Examples of the calculations.
Let's consider examples of calculation of support reactions of the momentless rod structure after its shaping. As an object of research, we will consider a triple-bearing spatial frame, whose topological equivalent in the projection to the coordinate plane XOY is shown in Figure (1) . The model has 11 nodes, of which 8 are free, and 3 are supporting and represented by fixed hinges. Therefore, the system is statically indeterminate. Using the scheme in Figure 1 , we construct the adjacency matrix of the model [A] in the form (10) and (11): 
Using the matrix (115), we construct a matrix of correspondence of the sequence numbers of rods and nodes [N] , with dimension 11×3 in the form (18) and (19): 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  1  1  1  1  2  2  3  3  3  3  4  4  5  5  5  5  6  6  7  2  7  8  9  8  9  4  7  8  10  8  10  6  7  8  11  8  11  8 (116)
The numbering of the rods in Figure 1 was made on the basis of the matrix (115).
The exact coordinates of the model supporting nodes and the initial coordinates of the free nodes in their arbitrary first approximation (these data actually form the vectors {X 0 }, {Y 0 } and {Z 0 }) are presented in Table 1 . Also Table (1) contains data about the which nodes are fixed, and which are free, as a vector {t} in the form (39) and (40). Using matrix (116), it is possible to construct a vector {ℵ} of the internal force density coefficients of all 19 rods, on the basis of which the further shaping of the model will be performed. It should be remembered that if the sign of the coefficient of force density is "+", then after shaping the corresponding rod will work for tension, and if the sign of the force density coefficient is "-", then the rod will work for compression. Table (2) gives examples of different distributions of the force density coefficients, as well as the initial vectors of external nodal loads {F 0.x }, {F 0.y } and {F 0.z }, which determine different resulting forms and support reactions of the structure, respectively.
Example No. 1. Let's consider the first of the examples presented in Table 2 
Here the sign "-" is set deliberately, so that all the rods of the model after shaping work only on compression. Having made all the necessary transformations, we construct the matrix of force density coefficients of the rod structure [A ℵ ], using formulas (31) or (32). Regardless of the chosen way, the result is: 
The initial vectors of external nodal loads {F 0.x }, {F 0.y } and {F 0.z } in the form (21)-(24) will look like this:
The components of the identities (80), (82) and (84) 
Vectors {ℑ x }, {ℑ y } and {ℑ z }:
Using the matrix and vectors (122) - (128), we define the vectors {x}, {y} and {z} by formulas (80), (82) and (84). We will get:
{ y} T = { 1.75 1.75 2 2 3.75 3.75 2.5 2.5 }, 
With vectors {x}, {y} and {z}, we construct the vectors of all coordinates of the model {X}, {Y} and {Z} after the formation. They will have the following appearance: 
Taking into account the data in Table 1 , the components of the vectors of the support reactions are located in the last three cells of the vectors (135) -(137). Vectors of the support reactions will be as follows:
The absolute values of these reactions, according to formula (114), will be as follows:
The model of the rod structure, constructed basing on the results of the calculations of Example No. 1, is shown in Figure (1) , and the results of calculations are contained in Tables (2) and (3) Example No. 2. In this example, nodal loads are set not strictly vertical, but at an oblique angle to the structure, to simulate the morphogenesis of the model, which should resist not only the force of attraction, but also lateral (for example from wind) loads. At the same time, the density coefficients of internal forces have also been changed (see Table 2 ). The resulting shape of the rod structure is shown in Figure ( Example No. 3. This example demonstrates the shaping and results of calculations of support reactions of similar in topological features construction, in which the rods of the upper belts do not work for compression but for tension. In this case, the signs of the density coefficients of the rods of the upper belts and the central riser are changed to positive, instead of negative (see Table 2 ). The resulting shape of the rod structure is shown in Figure 4 , and the corresponding results of the calculations are contained in Tables (2) and (3) (Variant No. 3).
Obviously, it is possible to use other approaches for determining the support reactions of complex rod structures, which from the point of view of mechanics are statically indeterminate systems. However, in most cases these approaches require the re-construction of models of already formed structures in the environment of computer programs that work on the basis of universal numerical modelling methods (in particular, variational methods of construction mechanics), as well as preliminary calculations of internal forces in the rods [9, 10] . This, in turn, requires considerable time and labour resources, which is not always advisable, especially at the stages of preliminary design and feasibility studies of the proposed design solutions. 
Conclusion
Demonstrated examples show the correctness of all calculations and, as a consequence, the efficiency of proposed algorithm, regardless of the nature of external loads and the distribution of the internal forces density coefficients.
It should be noted, that this algorithm is simple enough from the point of view of software implementation and allows solving two problems at once: geometrical morphogenesis of the momentless rod structures and the mechanical calculation of the reactions of support attachments on the basis of the free nodes of the model, obtained in the defining of coordinates. This makes the proposed algorithm valuable to both architects and construction designers.
On the one hand, this algorithm demonstrates the simplicity of using the static-geometric method of discrete geometry and can allow researchers and architects to experiment with various shaping normative loads. On the other hand, this algorithm makes it possible to accurately calculate the loads, that will be transferred by the generated statically indeterminate structures to underlying structural elements, regardless of the number of supports and the complexity of the topological configuration of the model. With that, the time, required for carrying out the calculations, is significantly reduced. 
